The ribo¯avin biosynthesis in bacteria was analyzed using comparative analysis of genes, operons and regulatory elements. A model for regulation based on formation of alternative RNA structures involving the RFN elements is suggested. In Gram-positive bacteria including actinomycetes, Thermotoga, Thermus and Deinococcus, the ribo¯avin metabolism and transport genes are predicted to be regulated by transcriptional attenuation, whereas in most Gram-negative bacteria, the ribo¯avin biosynthesis genes seem to be regulated on the level of translation initiation. Several new candidate riboavin transporters were identi®ed (impX in Desul®tobacterium halfniense and Fusobacterium nucleatum; pnuX in several actinomycetes, including some Corynebacterium species and Streptomyces coelicolor; rfnT in Rhizobiaceae). Traces of a number of likely horizontal transfer events were found: the complete ribo¯avin operon with the upstream regulatory element was transferred to Haemophilus in¯uenzae and Actinobacillus pleuropneumoniae from some Gram-positive bacterium; non-regulated ribo¯avin operon in Pyrococcus furiousus was likely transferred from Thermotoga; and the RFN element was inserted into the ribo¯avin operon of Pseudomonas aeruginosa from some other Pseudomonas species, where it had regulated the ribH2 gene.
INTRODUCTION
Ribo¯avin (vitamin B2) is an essential component of the basic metabolism, being a precursor of coenzymes¯avin adenine dinucleotide (FAD) and¯avin mononucleotide (FMN). Many microorganisms as well as plants and fungi synthesize ribo¯avin, but it is not produced by vertebrates. The best studied system of the ribo¯avin biosynthesis in bacteria is the rib operon of Bacillus subtilis encoding a pyrimidine deaminase/reductase, a-subunit of ribo¯avin synthase, GTP cyclohydrolase/3,4-dihydroxy 2-butanone 4-phosphate (3,4-DHBP) synthase, and b-subunit of ribo¯avin synthase (1) . These enzymes form a pathway that creates one ribo¯avin molecule from one molecule of GTP and two molecules of ribulose 5-phosphate ( Fig. 1) . At the next stage, bifunctional¯avokinase/FAD-synthase converts ribo¯avin to FMN and FAD, which serve as prosthetic groups for many oxidoreductases (1) . Ribo¯avin operons were also studied in Bacillus amyloliquefaciens (2) , Actinobacillus pleuropneumoniae (3) and Bartonella species (4) . In Photobacterium phosphoreum and Photobacterium leiognathi, the ribo¯avin genes reside within the lux operon (5, 6) , whereas in Vibrio ®sheri, the pyrimidine deaminase/reductase genes are convergent to the lux operon (7) . In contrast to these genomes, the ribo¯avin biosynthesis genes of Escherichia coli do not form a single operon, but are scattered on the chromosome (8) . The operon structures in other genomes were not studied experimentally.
The traditional gene names are different in E.coli and B.subtilis (Fig. 1) . The bifunctional enzyme pyrimidine deaminase/reductase RibG and the a-subunit of ribo¯avin synthase RibB from B.subtilis have their counterparts in E.coli named RibD and RibE, respectively. Moreover, E.coli has two separate genes, ribB and ribA, that encode 3,4-DHBP synthase and GTP cyclohydrolase, respectively, whereas in B.subtilis these functions are encoded by one gene ribA. For consistency, we use the E.coli gene names throughout. Thus, the B.subtilis ribG, ribB and ribA genes are renamed here to ribD, ribE, ribB/A, respectively.
Little is known about the mechanisms of regulation of the bacterial ribo¯avin genes. Metabolic studies gave no evidence for any regulation of the ribo¯avin biosynthesis genes in E.coli (8) . Based on genetic studies, the regulatory role in B.subtilis had been initially ascribed to the ribC and ribR loci (9, 10) and *To whom correspondence should be addressed at: Integrated GenomicsÐMoscow, PO Box 348, Moscow, 117333, Russia. Tel: +7 095 135 2041; Fax: +7 095 132 6080; Email: gelfand@integratedgenomics.ru the ribO region located between the promoter and the coding region of the ribGBAH operon (11) . Later it has been shown that ribC and ribR encode¯avokinase/FAD-synthase and monofunctional¯avokinase, respectively (12±14). The riboavin production is repressed by FMN, but not ribo¯avin (13, 15) , which explains why inactivation of ribC and ribR leads to overproduction of ribo¯avin.
Mutations in the regulatory region ribO release the repression in B.subtilis and B.amyloliquefaciens, and a hypothetical trancription terminator has been observed between this region and the translation start of the ®rst gene in the operon (2, 11) . A short transcript corresponding to the leader region of the rib operon was identi®ed by northern hybridization analysis (16) . It has been suggested that the regulation involves a termination±anti-termination mechanism (2, 15) . Indeed, this locus is conserved in several bacteria from diverse taxonomic groups (2), and it can fold into a conserved RNA secondary structure with a base stem and four hairpins, named the RFN element (17) .
In addition to the ribo¯avin biosynthesis genes, the RFN element was observed upstream of ypaA genes in several Gram-positive genomes. The product of this gene, YpaA, has ®ve predicted transmebrane segments, which has lead us to the prediction that it is a transporter of ribo¯avin or related compounds, co-regulated with other ribo¯avin genes (17) . Both these predictions have been veri®ed in experiments. YpaA was shown to transport¯avins (18) . FMN was shown in a microarray-based experiment to decrease the level of the full-length transcripts of the ribo¯avin operon and ypaA, and to cause appearance of short attenuator transcripts (15) .
The current availability of many complete genomes gives an opportunity to compare genes encoding one metabolic pathway and their regulation in a variety of bacteria. The comparative analysis is a powerful approach to the prediction of the DNA and RNA regulation in bacterial genomes (19) . In particular, it has been used to analyze attenuators of transcription of the aromatic amino acid operons in g-proteobacteria (20) , to predict the secondary structure of RNA (21) , and to ®nd candidate iron-responsive elements in E.coli (22) . In such studies, analysis of complementary substitutions in aligned sequences is used to construct a single conserved structure. Another comparative technique for analysis of gene functions is based on the assumption that functionally coupled genes are often clustered on the chromosome (23) . Simultaneous analysis of probable operon structures and regulatory elements is the most effective theoretical method of functional annotation when the standard homology-based methods are insuf®cient.
In this study we applied the comparative genomics techniques to identify the ribo¯avin biosynthetic genes in almost all available bacterial genomes. Analysis of the candidate RFN elements was used to predict the mechanism of regulation on the level of transcription in Gram-positive bacteria, and on the level of translation in most Gram-negative bacteria. Analysis of regulation and positional clustering of genes resulted in identi®cation of a number of new ribo¯avinrelated transporters. Finally, the evolutionary history of the ribo¯avin operons, involving a number of horizontal transfer events, was elucidated.
MATERIALS AND METHODS
The complete and partial sequences of eubacterial genomes were downloaded from GenBank (24) . Preliminary sequence data were obtained also from the WWW sites of The Institute for Genomic Research (http://www.tigr.org), University of Oklahoma's Advanced Center for Genome Technology (http://www.genome.ou.edu), the Sanger Centre (http:// www.sanger.ac.uk), the DOE Joint Genome Institute (http:// www.jgi.doe.gov), and the ERGO Database, Integrated Genomics, Inc. (25) .
The RNA-PATTERN program (Alexey G. Vitreschak, unpublished data) was used to search for RFN elements. The input RNA pattern described the RNA secondary structure and sequence consensus motifs. The RNA secondary structure was described as a set of the following parameters: the number of helices, lengths of helices, loop lengths, and description of topology of helix pairs. The RNA pattern of the RFN element was constructed using the training set of 20 RFN elements from our previous paper (17) . Each genome was scanned with the RFN pattern. The RNA secondary structures of antiterminators and anti-sequestors were predicted using Zuker's algorithm of free energy minimization (26) implemented in the Mfold program (http://bioinfo.math.rpi.edu/~mfold/rna). The similarity search was done using BLAST (27) and GenomeExplorer (28) . Transmembrane segments (TMSs) were predicted using the TMpred program (http://www. ch.embnet.org/software/TMPRED_form.html). Multiple sequence alignments were constructed using CLUSTAL X (29) . Phylogenetic trees were constructed by the maximum likelihood algorithm implemented in PHYLIP (30) and plotted using the GeneMaster program (A.A.Mironov, unpublished data). Candidate operons were de®ned as chains of genes transcribed in the same direction such that distance between adjacent genes did not exceed 100 nt.
RESULTS

RFN elements and genes of ribo¯avin biosynthesis and transport
Scanning of the genomic sequences by RNA-PATTERN trained at known RFN elements identi®ed 61 elements in 49 genomes. Then, a similarity search was used to identify the ribo¯avin biosynthesis (RB) genes. It showed that ribo¯avin biosynthesis is a widely distributed metabolic pathway in eubacteria. Only spirochetes, mycoplasmas and rickettsia have neither RB genes nor RFN elements ( Table 1) . At that, note that the absence of genes can be reliably claimed only for complete genomes. RFN elements were found only upstream of the RB and ribo¯avin transport genes ( Table 1) .
The RB genes form a single ribDE(B/A)H operon in all complete genomes of the Bacillus/Clostridium group except both Listeria, Enterococcus faecalis and Streptococcus pyogenes. The absence of the ribo¯avin biosynthetic pathway in the latter bacteria is compensated by the existence of the ribo¯avin transporters YpaA found in all complete genomes of this group except Bacillus halodurans. The Bacillus/ Clostridium group has the most tightly regulated pathway among all considered bacteria, since all RB operons from this group, as well as the transporter genes ypaA, have upstream RFN elements.
A different structure of the RB operon was observed in actinomycetes. In Thermomonospora fusca, this operon consists of ribE, RTFU01116 (named here pnuX, see below), ribB/A and ribH. The upstream region of this operon contains a candidate RFN element. Streptomyces coelicolor has a similar organization of the ribo¯avin operon and RFN. The pnuX gene is homologous to the nicotinamide mononucleotide transporter pnuC from enterobacteria and encodes a protein with six predicted TMSs. Orthologs of the pnuX gene, RDI02242 and RCGL00070, were detected in two other actinomycetes, Corynebacterium diphtheriae and Corynebacterium glutamicum. In these genomes pnuX is not clustered with RB genes, but an RFN element was found upstream of pnuX in C.glutamicum. The genome of Atopobium minutum does not contain pnuX; however, it has another transporter gene, ypaA, preceded by an RFN element. Notably, all four RFN elements detected in actinomycetes occur upstream of transporters: pnuX, or a pnuX-containing operon, or ypaA. We propose that pnuX encodes a new type of ribo¯avin transporter not homologous to ypaA.
Two RFN elements were found in Fusobacterium nucleatum. The ®rst one is located upstream of the ribHDE(B/A) operon, whereas the second one precedes a new gene encoding a hypothetical protein with nine candidate TMSs. This gene, named impX, is not similar to any known protein and has only one ortholog in a Gram-positive bacterium from the Bacillus/ Clostridium group, Desul®tobacterium halfniense. This ortholog is also RFN-regulated. Thus, we predict that ImpX is one more new ribo¯avin transporter.
Genomes of all cyanobacteria and chlamydia as well as the genome of Aquifex aeolicus have a complete set of RB genes but no RFN elements. Thermotoga maritima, Chloro¯exus aurantiacus, Deinococcus radiodurans and Thermus thermophilus have a single RFN element upstream of the ribDE(B/A)H operon, the structure of the operon is similar to that in B.subtilis. The only exception is T.thermophilus where ribH is a separate gene without an RFN element. Thermotoga maritima has ypaA which is not preceded by an RFN element.
Most proteobacteria have some redundancy of the RB genes due to paralogs of the ribH, ribB/A and ribE genes. Moreover, some genomes contain not only the fused ribB/A gene, but also additional single ribB or ribA genes. The genomes of all proteobacteria, except rickettsia, have several single RB genes as well as at most one probable RB operon which usually is preceded by ybaD and followed by nusB genes.
The most tightly RFN-regulated RB genes in proteobacteria are ribB and ribH2. ribB is always a single gene and in all cases it has an upstream RFN element. The ribH2 gene, which is paralogous to ribH, was found in some a-proteobacteria and Pseudomonas species. ribH2 as a single gene is always regulated by an RFN element with only one exception in Rhodopseudomonas palustris. Phylogenetic analysis of the RB protein sequences reveals two examples of possible horizontal transfer of the ribDE(B/A)H operon from the Bacillus/Clostridium group to two genomes of Pasteurellaceae, Haemophilus ducreyi and A.pleuropneumoniae (see below). In both cases the RFN element preceding the RB operon is also well conserved. In general, the RFN elements were found in the genomes of almost all proteobacteria. The exceptions are Xylella fastidiosa, both Neisseria, Caulobacter crescentus, e-proteobacteria (Helicobacter pylori and Campylobacter jejuni) and some un®nished genomes from the a-proteobacteria group.
The last gene of the hypothetical RB operon ybaD-ribDEH-nusB-mlr8412 in Mesorhizobium loti encodes a hypothetical transmembrane protein with 11 predicted TMSs. This gene is similar to transporters from the MFS family and has orthologs with the same operon structure in two other rhizobium genomes, Sinorhizobium meliloti and Agrobacterium tumefaciens. Possibly, mlr8412 encodes a new type of ribo¯avin transporter in Rhizobiaceae, and we tentatively name it rfnT.
Possible attenuation mechanism for the RFN-mediated regulation
The alignment of 61 RFN elements con®rms a high degree of conservation of the RFN primary and secondary structure (Fig. 2) . The improved secondary structure of the RFN element is shown in Figure 3 . The RFN element consists of ®ve conserved helices, one variable stem±loop, and one facultative additional stem±loop. The lengths of the latter two hairpins are very variable and depend on the taxonomy. The maximal observed length of additional stem±loops exceeds The standard E.coli names of the RB genes are used throughout (see the text for explanation and Fig. 1 for the B.subtilis equivalents) . The RFN elements can be classi®ed into two major types based on the existence of two conserved fragments, AGCG and GTCAGCA, located in the branching loops adjacent to the variable helix. The RFN elements occurring in all proteobacteria (excluding H.ducreyi and A.pleuropneumoniae, see below) have these conserved sequences, whereas RFN elements without sequences are observed in the Gram-positive bacteria and other taxonomic groups, the only exception being the RFN element upstream of the pnuX gene in C.glutamicum, that belongs to the proteobacterial type.
Recently, it was shown that FMNs regulate expression of the RB operon and ypaA in B.subtilis (15) . We propose here a possible mechanism of the FMN-mediated regulation via the RFN element ( Fig. 4) .
Downstream of all RFN elements, there are potential hairpins that are either followed by runs of thymidines (and thus are candidate terminators) or overlap the translation start region of the ®rst gene in the operon (and thus are candidate sequestors). Moreover, all RFN elements are capable of forming alternative structures, in which the base stem of RFN interacts with the regulatory hairpin (terminator or sequestor). This leads to formation of a structure alternative to the regulatory hairpin, similar to transcriptional and translational attenuation by competing RNA structures. Thus, two different types of regulation are suggested, attenuation of transcription via an anti-termination mechanism and Table 1 ). The ribo¯avin operons, single ribH2 genes, single ribB genes and possible ribo¯avin transporters are marked in blue, red, magenta and green, respectively. The complementary stems of the RNA secondary structure are shown by arrows in the upper line. Base-paired positions are highlighted by the yellow background. Conserved positions and non-consensus nucleotides are shown in red and blue, respectively. Black indicates non-conserved positions. The lengths of additional (Add.) and variable stem±loops are given. attenuation of translation by sequestering of the Shine± Dalgarno (SD) box.
In Gram-positive bacteria, T.maritima and C.aurantiacus, terminator-like RNA structures are located between the predicted RFN element and the start of translation of RB genes. We found complementary fragments of RNA sequences that partially overlap both the ®rst helix of RFN and the left stem of the terminator (Figs 4A and 5A ). Furthermore, these complementary fragments always form the main helix of a new, more stable alternative secondary structure with DG smaller than DG of the RFN element. We predict that this structure functions as an anti-terminator, alternative to both the RFN element and the terminator. Thus, the RFN element is the predicted anti-antiterminator that in the repressing conditions of excess FMN prevents formation of the anti-terminator hairpin. Then, the terminator forms and transcription is preliminarily terminated. Without FMN, non-stabilized RFN is replaced by the more energy-favorable anti-termination conformation that allows the transcription read-through. In this model RFN acts as an anti-antiterminator.
In other cases, mostly in Gram-negative bacteria, the RNA hairpins downstream of the RFN element sequester the ribosome-binding site (the SD-box). In most cases we have found a highly conserved sequence, GCCCTGA, which overlaps the proposed sequestor hairpin and is complementary to the base stem of the RFN element ( Figs 4B and 5B) . These two complementary sequences always form the stem of the RNA secondary structure, anti-sequestor, which is more stable than the RFN element. The proposed mechanism of translational regulation of the RB operons is similar to the termination±anti-termination mechanism described above, but includes the SD-sequestor instead of the terminator. In the repressing conditions, RFN prevents formation of the antisequestor, and the SD-sequestor structure represses the initiation of translation. In the de-repressing conditions, RFN is replaced by the anti-sequestor that releases the SD-box and allows for initiation of translation.
We have observed two main arrangements of sequestors with respect to the SD-box and the start codon. The highly conserved sequestors in ribB in g-proteobacteria overlap both the start codons and the SD-boxes, whereas in ribB of b-proteobacteria, sequestors overlap only the SD-boxes.
Analysis of the 5¢-non-coding RNA regions of the ypaA genes reveals two possibilities for the regulation. In most cases the predicted terminator hairpin overlaps the SD-box of the ypaA gene. Therefore, this hairpin can function both as a terminator and a sequestor. The RFN elements of ribD of T.thermophilus and ypaA of A.minutum overlaps the SD-boxes directly. In these cases we predict that RFN regulates translation without additional RNA elements. In the presence of FMN, the stabilized RFN element represses initiation of translation. Conversely, RFN is not stable in the absence of FMN which results in opening of the SD-box and releasing from repression.
The left stem of the main helix of the predicted antiterminator overlaps either the left or the right part of the base stem of the RFN element (Fig. 5A ). In the ®rst case, the antiterminator is formed by the spacer between RFN and the terminator with intact RFN hairpins. At that, the spacer potentially folds into an additional secondary structure. In the second case, which is predominant for the ypaA genes, the alternative secondary structure of the anti-terminator only partially overlaps the RFN element and the terminator.
Paralogs and horizontal transfer
Comparison of RB protein phylogenetic trees with the standard trees for ribosomal proteins reveals some unusual branches. The most interesting observation is the likely Figure 3 . The presence of two terminators in the upstream region of the S.pneumoniae ribo¯avin operon is marked by an asterisk. The distinct groups of conserved sequestors from g-and b-proteobacteria are marked.
horizontal transfer of the RB operon from the Bacillus/ Clostridium group to two proteobacterial genomes. For instance, the RibH proteins from H.ducreyi and A.pleuropneumoniae cluster with RibH from the Bacillus/ Clostridium group (Fig. 6) . The same holds for other phylogenetic trees (data not shown). Moreover, the RB operon structure in these two proteobacteria differs from that of other proteobacteria, and is similar to the operon structure observed in the Bacillus/Clostridium group. Finally, the RFN elements upstream of these operons are of the Gram-positive type.
Another example of possible horizontal transfer is the RB operon of F.nucleatum. Again, the RB proteins of this bacterium cluster with the Bacillus/Clostridium group (e.g. in the RibH tree, Fig. 6 ). Furthermore, the new RFN-regulated transporter ImpX from F.nucleatum has only one ortholog in D.halfniense, the latter belonging to the Bacillus/Clostridium group.
Finally, the RB operon observed in Pyrococcus furiosus also seems to be transferred, probably from T.maritima, as the P.furiosus RB proteins consistently cluster with those of T.maritima (e.g. in the RibH tree, Fig. 6 ), whereas closely related Pyrococcus horicoshii and Pyrococcus abyssi have no RB genes.
Some a-proteobacteria and Pseudomonas species have two ribH paralogs, ribH in the RB operon and a single gene ribH2 (Table 1) . Interestingly, most single ribH2 genes, in contrast to ribH, are regulated by the RFN element. The RibH2 proteins form a separate group in the RibH phylogenetic tree. The same was observed for the ribE gene in proteobacteria. Some genomes, in particular E.coli, have a single ribE gene. Other genomes either have a related, non-orthologous gene in the RB operon, named ribE2, or both ribE2 and ribE (Table 1) . Unlike single ribH2 genes, single ribE genes are not regulated by RFN. Finally, most proteobacteria contain single ribB and ribA genes as well as a fused ribB/A gene which is usually located in the RB operon. The single ribA gene is never regulated by RFN, whereas the single ribB gene in all cases is RFN-regulated.
As mentioned above, the ribo¯avin operons in proteobacteria are not regulated by RFN, with the only exception being P.aeruginosa. In this genome we have observed a possible insertion of the RFN element inside the ybaD-ribD-ribE2-rib(B/A)-ribH-nusB operon upstream of the ribE2 gene. Strikingly, the alignment of the upstream sequences of the ribE2 gene from P.aeruginosa and the ribH2 genes from other Pseudomonas species shows that both RFN and the predicted sequestor are highly conserved (Fig. 7) . This highly conserved region overlaps with the ribH2 start codon. However, the sequestor does not overlap the SD-box of the ribE2 gene in P.aeruginosa, as the ribE2 start codon lies~100 nt downstream. A possible explanation of this mysterious case of the RFN-mediated regulation is that regulation is carried out via translation of the leader peptide. Such a mechanism was described for regulation of the erythromycin resistance genes in B.subtilis (31) . Another possibility is that we observe the result of a recent horizontal transfer, which will eventually lead to formation of a functional regulation cassette or will be eliminated. The latter possibility seems to be corroborated by the phylogenetic tree of RFN elements (Fig. 8) . Indeed, the RFN element of ribE from P.aeruginosa tightly clusters with the RFN elements of ribH genes from other Pseudomonas species.
Consistent with the structural analysis (above), the tree of RFN elements can be roughly divided into two main branches corresponding to Gram-positive and Gram-negative types. Another noteworthy feature of this tree is that in ®ve of nine genomes containing two RFN elements, these elements form a single branch. On the other hand, no consistent clustering of functionally similar RFN elements (those upstream of the rib operons in the Bacillus/Clostridium genomes and those upstream of the ypaA genes) was observed. Thus, it is likely that the evolution of the RFN elements involved several independent genome-speci®c duplications.
DISCUSSION
Using the global analysis of RFN elements in available bacterial genomes, we have found that this conserved RNA regulatory element is widely distributed in eubacteria. Analysis of the operon structure shows that RFN predominantly regulates single RB genes (ribB or ribH2) in proteobacteria and the RB operon in most Gram-positive bacteria. Thus, in contrast to only one regulated step of ribo¯avin biosynthesis in the former taxonomic group, the complete ribo¯avin biosynthetic pathway is under FMN-mediated regulation in the latter group of bacteria. Another phylogenetic observation is that all observed RFN elements are divided into two major groups based on conservation of the fragment close to the variable stem±loop. Moreover, single RB genes seem to be regulated on the level of translation, whereas the RB operons are predicted to be regulated on the level of transcription. As a result, Gram-negative and Gram-positive bacteria signi®cantly differ in the RFN element structure, the target of RFN-mediated regulation, and the predicted mechanism of the regulation.
The exact mechanism of regulation is not clear. It is known that FMNs can speci®cally bind to RNA aptamers (32) . The FMN-mediated regulation of the RB genes apparently requires high conservation of the sequence and the structure of RFN due to possible FMN binding to this site. Preliminary experimental data seem to con®rm involvement of the transcriptional and translational attenuation in the regulation of RB gene expression in B.subtilis and E.coli, respectively, Figure 6 . The maximum likelihood phylogenetic tree of bacterial ribo¯avin synthases encoded by the ribH gene. The genome abbreviations are listed in Table 1 . The separate branch including the ribH2 genes from some a-proteobacteria and Pseudomonas species is shown by bold lines. The ribH genes likely to be horizontally transferred are boxed. Indeed, a number of other factors are known to be involved in the ribo¯avin regulation in a variety of bacteria. In particular, the ribA gene of E.coli is regulated by the soxRS locus, which is responsible for the superoxide stress response (33) , and ribBA of H.pylori is regulated by the iron utilization repressor FUR (34, 35) . Together with observations of Furregulation of the superoxide stress-related genes sodA in E.coli (36) , fumC and sodA in P.aeruginosa (37) , sodA and sodB in Pseudomonas putida (38) and, vice versa, the regulation of the fur gene by SoxRS in E.coli (39) and regulation of siderophore biosynthesis by oxidative stress in Azotobacter vinelandii (40) , this establishes an interconnection between response to the superoxide stress, iron metabolism and¯avinogenesis, supported also by the observed coregulation of the latter two systems in the yeast Pichia guilliermondii (41) .
One of the remaining open problems is the meaning of positional clustering of ybaD and nusB genes with ribo¯avin operons in proteobacteria. The hypothetical protein YbaD contains a Zn-ribbon domain and is highly conserved in bacteria. Zn-ribbons participate in various functions, in particular DNA or RNA binding and redox reactions (42) . The RNA-binding protein NusB is involved in anti-termination of E.coli ribosomal RNA operons and lambdoid phage genes (43, 44) . Their functional relationship with the ribo¯avin biosynthesis is not clear, although is has been suggested that YbaD is the ribo¯avin repressor (45) . At that, it might be relevant that the ybaD-and nusB-containing RB operons are not regulated by RFN with only one exception in P.aeruginosa resulting from horizontal transfer. However, other genes in the same genomes are often regulated by RFN.
There are four ribo¯avin-related transporters. One of them is ypaA in Gram-positive bacteria from the Bacillus/Clostridium group, A.minutum (an actinomycete) and T.maritima. It is always a single gene preceded by RFN elements in all genomes excluding T.maritima. Its speci®city for ribo¯avin and co-regulation with the RB genes was predicted in our previous paper (17) and con®rmed in experiments (15, 18) . Two newly identi®ed transporters, pnuX from actinomycetes and impX from F.nucleatum and Gram-positive bacterium D.halfniense are always regulated by RFN, the former as a single gene or within an operon, and the latter in both cases as a single gene. The PnuX protein is homologous to the mononucleotide transporter PnuC from enterobacteria. One more candidate transporter is rfnT from Rhizobiaceae. However, this prediction is less certain than that for other transporters, as it is based solely on positional clustering.
Finally, this study has demonstrated that the evolutionary history of the RB genes involves a number of horizontal transfer events both of the structural genes and the regulatory RFN element. These events manifest in protein phylogenetic trees, operon structures and the RFN element architecture.
